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Abstract

We make quantitative predictions for the rapidity and centrality dependencies of hadron multiplic-
itiesin AA, pA andpp collisions at the LHC energies basing on the ideas of parton saturation in the
color glass condensate.

0 2004 Published by Elsevier B.V.

1. Introduction

At high energies QCD is expected to enter the new phase: the color glass condensate
(CGC) which is characterized by strong cohsrgluon fields leading to parton saturation
[1-5]. Previously, we have applied this approach [11-15] to describe the wealth of experi-
mental data [6—10] from RHIC. The LHC will allow to extend further the investigations of
QCD in the regime of high parton densityhi§ is because the new scale of the problem,
the saturation momentur@;, will become so large@? ~ 5-10 GeV) that a separation
of CGC physics from non-perturbative effects should become easier. The main objective
of this paper is to give predictions for the global characteristics of the inelastic events in
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nucleus—nucleus, proton—nuclearsd proton—proton collisions at LHC energies basing on
the ideas of parton saturation in the color glass condensate (CGC).

To understand better the differences implied by a higher energy of the LHC, let us start
with the main assumptions of the approach we used to describe the data from RHIC:

(1) AtBjorkenx < 10~2 the inclusive production of partons (gluons and quarks) is driven
by parton saturation in strong gluon fislds given by McLerran—Venugopalan model
[3].

(2) The region ofc ~ 10~3 (accessible at forward rapidities at RHIC) is considered as the
low x region in whichagIn(1/x) ~ 1 so the quantum evolution becomes important;
we assume thats <« 1 to keep the calculationiraple and transparent.

(3) We assume that the interaction in the final state does not change significantly the
multiplicities of partons resulting from the early stages of the process; this may be
a consequence of local parton hadron duality, or of the entropy conservation. There-
fore, multiplicity measurements are extremely important for uncovering the reaction
dynamics. However, we would like to state clearly that we do not claim that the inter-
actions in the final state are unimportant. Rather, we consider the CGC as the initial
condition for the subsequent evolution of the system, which can be described, for ex-
ample, by means of hydrodynamics (such an approach has been followed in Refs. [16,
17)).

Even a superficial glance at these three assumptions reveals that the conditions for the
applicability of our approach at the LHC improve. Indeed, at LHC energies the value of
x will be two orders of magnitude lower than at RHIC. This makes the use of the well-
developed methods of low physics [4,5,12,18-20,22] better justified. At LHC energies
we have a theoretical tool to deal with the high parton density QCD in the mean field ap-
proach (so-called Balitsky—Kovchegov non-linear equation [4]), or on a general basis of the
JIMWLK equation [5]; even more general approaches may be possible (see, for example,
the lancu—Mueller factorization [20,21]). However, despite a number of well developed
approaches which could be applied at lowve would like to warn that even the LHC en-
ergy is not high enough to apply any of the methods mentioned above without discussing
possible “pre-asymptotic” corrections to them.

Consider, for example, the determination of the value of the saturation momentum—the
key scale in the CGC phase of QCD. As was noticed first in Ref. [24] the value of the satu-
ration scale is affected by the next-to-leaglorder corrections to the BFKL kernel which
were neglected in all of the discussed abapproaches. Their numerical significance is
so large that they cannot be neglected: if the next-to-leading order BFKL kernel is used,
because of a large energy extrapolation interval to the LHC the vaIuQ;z, aéirns out to
be 5-10 times smaller than if one uses the leading order kernel (see detailed discussion in
Ref. [25]). However, the good news is that the NLO corrections appear under theoretical
control and we can take them into account.

The paper is organized as follows. In Section 2 we discuss the geometry of nucleus—
nucleus and hadron—nucleus collisions andoditice the Glauber formalism we use. In
Section 3 we review the general formalism which we use to evaluate the multiplicities; we
also discuss the influence of higher order corrections and the effects of the running coupling
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constant on the results. In Section 4 we list the parameters of our approach and justify the
values we use; we then give a complete set of predictions for hadron multiplicities at the
LHC energies in Pb—PIp—Pb, andpp collisions, including the dependences on rapidity
and centrality. We then summarize our results.

2. Thegeometry of nucleus—nucleus and hadron—nucleus collisions and the Glauber
approach

At high energies the paths of the colliding nucleons can be approximated by straight
lines, since in a typical interactiatis <« 1 and the typical scattering angle is small. This is
the most important approximation underlying the Glauber approach to nuclear interactions.
Other approximations which simplify calculations but are in principle unnecessary are the
smallness of the nucleon—nucleon interaction radius compared to the typical nuclear size,
and the neglect of the real part of theV scattering amplitude. Many quantities character-
izing the geometry of the collision can be readily computed in this approach; a complete
set of the relevant formulae can be found, e.g., in [27] and we will not reproduce all of
them here.

It is customary and convenient to parameterize the centrality of the collision in terms
of the “number of participantsVparr—the number of nucleons which underwent at least
one inelastic collision. This number can be directly measured experimentally (at least in
principle) by detecting in the forward rapidity region the number of “spectator” nucleons
Nspectwhich did not take part in any inelastic collisions; obviously, for a nucleus with mass
numberA, Npart: A - Nspect

The number of participating nucleons in a nucleltsaucleuss interaction depends on
the impact parametér. In the eikonal approximation it can be evaluated as (see [26]):

Njan(b) = f d?snja(b. s)
= A/dzs Ta(9{1—[L—onTsb—9]"}

—}—B/dstB(b—s){l—[l—ainTA(s)]A}, 1)

with the usual definition for the nuclear thickness functity(s) = ffooo dz pa(z,s), nor-
malized as/ d?s T4(s) = 1;0in is the proton—proton inelastic cross-section without diffrac-
tive component. For the LHC energies we assumgé= 70 mb [28]. As in our previous
work [11-13], we use realistic nlear densities parameterized according to Ref. [29]; for
the Pb nucleug (r) = po/(1 + exp((r — R)/a)) with R = 6.62 fm anda = 0.546 fm.

From Eg. (1) the definition of the local density of participawgg‘it(b, ) is evident; we
will define its average ovdhe transverse plane as *

[ d?s [npa(b. 917
[d?sniBb.9)

(npar(0) = (2
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Table 1

Mean number of participants and their average density in Pb—Pb collisions at LHC as a funétion of
b (fm) N, éa?t part B (tm=2) b (fm) N, éa?t part B (fm=2)
0.00 406.9 2.98 80 1668 2.21
1.00 402.4 2.97 90 1275 1.97
2.00 387.8 2.93 100 919 1.69
3.00 363.2 2.88 100 611 1.35
4.00 330.3 2.80 1R0 362 0.98
5.00 291.9 2.70 180 183 0.59
6.00 250.6 2.57 100 75 0.27
7.00 208.3 2.41 180 25 0.09

In the following we will need to use the average number of participants computed sepa-

rately for nucleusA and nucleusB; it is given by

B ) = [ dzsnpart 40,955 (b, s)
Mpart A f d2s npart(b’ )

Obviously, one has for their sum
(npart ) (®) + (npare 5)(B) = (npar ().

where (n4 part A)(b) and(n artB)(b) are the integrands of the first term and second term in
the r.h.s. of Eq. (1), respectlvely

In Table 1 we give the number of participants and their density (respectively Egs. (1)
and (2)) for Pb—Pb collisions at LHC.

The corresponding formulae for the proton—nuclgdsinteraction can be deduced by
settingB = 1 and using a delta-function for the proton thickness function (in the point-like
approximation for the size of the proton). We get from Eq. (1)

NLab) = AoinTa(b) + {1 — [L— onTa®)]"}
= AoinTa(b) + {1— PL (b)) 4)

®3)

In the previous formula the functioﬁé’A(b) is the probability of no interaction in a

p—A collision at impact parametér; the integration ofl1 — P(fA(b)] over b gives the
inelastic proton—nucleus cross sectigyy .
The average number of participants ip-aA collision can be obtained as
d2b NP2 (b) ,
( part) fz = = Aﬂ +1 (5)
[d2b[1— Po(b)] opa
the first term in the r.h.s. gives the mean number of particip(au‘ﬁﬁm) in the nucleus. As

in the case of nucleus—nucleus collision, we wited to compute the density of participants
in nucleusA, defined as

pPA
pA (NpartA> A
( partA)

Oin OpA

(6)



D. Kharzeev et al. / Nuclear Physics A 747 (2005) 609-629 613

In practice, the information about the impact parameter dependence is extracted by an-
alyzing the data in various centrality binsh@ physical observable most frequently used
to estimate the centrality of the collision is the multiplicity of charged partidlgs We
will assume that the average valueN, produced in a collision at impact paramebteas
determined by the number of participating nucledfygr(). The actual multiplicity will
fluctuate around its mean value according to

P (Nch, <Nch(b)>)

1 [Neh — (Nen(b))1? }
- C((Nen(® _ , 7
e Nend )»eXp{ 24 (Nen(0)) "

where the factoC (V) = 2/[1+ erf (/N /2a)] is introduced to ensure that the fluctuation
function P(Nch, N) satisfiesf(;>Q dNchP(Nch, N) = 1. The numerical value of (N) is 1

with very good accuracy for almost all cases of practical interest (it can exceed 1 for very
peripheral collisions, where the number of participants and consequégtig small: in

such a case it is important to include the faafgV) to have a correct normalization).

The parametes gives the width of the fluctuations: its value is dependent on the ex-
perimental apparatus, therefore it is not possible for us to predict its value for the LHC
experiments. For the experiments at SPS and RHIC the valugaries from 0.5 to 1.5-2.

We will assumez = 0.5 in the following; uncertainty in this parameter can affect the cen-
trality dependence of our results. In the case of Pb—Pb collisions, we estimate the resulting
uncertainty in the density of participants (and thus in the saturation scale, see below) to be
about 5%; in the case @f~Pb collisions, this uncertaiyncan reach 10—-15% for peripheral
collisions.

We will also assume the proportionality betwedg, and Npart When computing the
differential inelastic cross section; thisoportionality is not exact, but the shape of min-
imum bias distribution of events which is normally used to fix the parame{and the
proportionality constant betwee¥th, and Npart) has been found insensitive to this assump-
tion (see [11]). Of course, our discussion here refers to the total hadron yields; the yields
of strange particles, for example, are known to deviate from these simple scaling rules.

The minimum bias differential cross section can be obtainedVa®)(= g Npart(h),
whereg is a constant):

do
dN":: = / A% P(Neh, N(b))[1 = Po()], (8)

here Py(b) is the probability of no interaction at the impact parametefor a nucleus—
nucleus collisionPy(b) = [1—oinTag (b)148 whereT, 5 is the overlap functionl’s g (b) =
fdzs Ta(s)Tg(b — 9); in the case ofB = 1, Py(b) reduces toPé’A(b) defined above. In
the following, all of the formulae will refer teti—B collisions; with obvious modifications
they are valid also in thp—A case.

The total nucleus—nucleus cross section is then obtained by integrating Eq. (8) over
chh:

d
oap = f AN 0 f ?b[1- Po(b)]. (9)
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Table 2
Mean number of participants and their density in Pb—Pb collisions at LHC for different centrality bins
Centr. cut (Nj) (n pan 4) (fm™2)
0-100% 102 1.33
0-6% 3690 2.89
0-10% 3466 2.83
0-25% 27142 2.62
25-50% 1037 1.75
50-75% 20 0.76
75-100% Ce) 0.14
0-50% 1867 217
50-100% 157 0.45
Table 3
Mean number of participants ip—Pb collisions at LHC for different centrality bins
Centr. cut (Néﬁt)
0-100% 7.41
0-20% 13.07
0-50% 1131
20-50% 10.29
50-100% 3.58

The mean value of any physical observaBlégiven in terms of the impact parametgr
can be computed as

)= chhdUmbO(b) (10)
OAB

To obtain the corresponding average forigeg centrality cut v have to limit the
integrations in the previous formula in the appropriate way, for instance, the expression

v, chhd"mb(’)(b)

d
f dNChd?vmﬁ

(O) | Nep>No = (11)

gives the average value of the observaBlén the fraction of the total cross section de-
fined by the limit Ng. In this work the previous formula has been used to compute the
mean density of participating nucleons (Eq. (2)) in different centrality bins, as shown in Ta-
ble 2.

Table 3 gives the results of Eq. (5) for the caseePb collisions at LHC energy. The
corresponding densities are alsted according to Eg. (6).
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3. Thegeneral formulae

Let us discuss the main features of the approach we use to describe the production
dynamics. As in our previous papers [12—14] we use the following formula for the inclusive
production [1,23]:

Pt

do 47N, 1
c X /dktzas (pAl(xl, ktz)(pAz(xz, (p— k),z), (12)

Fp N1
wherex1 2 = (p:/+/s) exp(Fy) andga, a,(x, ktz) is the unintegrated gluon distribution of

a nucleus (for the case of the proton onepgfshould be replace by, ). This distribution
is related to the gluon density by

Q2
xG(x, QZ) = /dktzgo(x,ktz). (23)
We can compute the multiplicity distribution by integrating Eq. (12) gwemamely,
— == [d°p E——, 14
s e (14

S is either the inelastic cross section for the minimum bias multiplicity, or a fraction of it
corresponding to a specific centrality cut.

3.1. Saturation scale

Let us define two saturation scales: one for the nuckeuand another for the nucleus
A2. We will see below that even in the caseAf = A; the introduction of two saturation
scales will be useful. It is convenient tatfoduce two auxiliary variables, namely

Qs.min(y, W) = min(Qs (Al; x1= %e’), Oy (Az; X2= %e’)),

QOs.max(y, W) = mﬂ(Qs (Al; x1= %6’), Oy (Az; x2= %6”))- (15)

To understand the physical meaning of these two scales we start with the explicit for-
mula for O which was suggested in Ref. [30] for the description of HERA data on deep
inelastic scattering and was successfully used to describe the data from RHIC [11-14]:

A
0 = 0F(*2) (16)

with the central value of. = 0.288 [30]; the value of. has an uncertainty of 5-10%.
The reference value@o andxg = Qo/ Wo were fixed in [11] aty = 0; substitutingx =
(Qs/W)e™, whereW is the energy of interaction, one can see that the energy and rapidity
dependence of the saturation scale can be reduced to a simple formula

A . X
Q%(A,y, W) = 03(A; Wo)(%ey) "2 _ 02(A; Wo>(%) e (17)
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A+ A: dN/dn

Fig. 1. The CGC approach for nucleus—nucleudisson with the saturatio of parton density.

Using Eq. (17) one can see that for a praitutof the gluon mini-jet at rapidities # 0
there are two different saturation momerﬁ:(A; y, W) and QE(A; —y, W), even for the
collision of identical nuclei (see Fig. 1). Fig. 1 shows that the density is quite different in
two nuclei since ap 0 (sayy > 0) one of the nuclei probed at relatively large= x; >
x2 is a rather dilute parton system while the second nucleus has much higher parton density
than aty = 0. Therefore, for am + A collision aty > 0 Qs min = Qs(A; —y, W) while
Qs max= Qs(A; y, W). In the case of a collision of two different nuclei we need to take
into account thed-dependent values @o(A; W) in Eq. (17).

The saturation scale is the main parameter of our approach and we need to understand
clearly the energy dependence@f if we want to make predictions for the LHC energies.
The first basic result on the behavior of this scale is the power-like energy dependence
which follows directly from QCD for fixed QCD coupling. As was shown in a number of
papers [1,25,31-35] the energy dependench®taturation scale does not depend on the
details of the behavior of the parton system in the saturation domain but can be determined
just by using the perturbative QCD approach in the BFKL region [36]. Indeed, consider the
dipole—target scattering amplitude in the daublellin transform representation, namely,

dody ,in/x)+(y-1) 243
N(y,r?) = | ——Se® "HI+Hy=DIN0oco) N (g, y). 18
(.79 2ni2° (@,7) (18)
The BFKL equation determines the valueswft which N (w, y) has a pole:
w=asx(y) (19)

with a specific functiory which can be found, e.g., in Ref. [25]; we denaie= N as /7.
To find the energy dependence of the saturation scale we first need to find a critical value
of y = y.r defined by the equation [1,34,35]

x (Yer) _ _dX (Yer)
1—vyer dy -

(20)

The meaning of this equation is the following: in the semi-classical approximation (see
Ref. [33] and references thein) the scattering amplitud®(y, In(rZAéCD)) has the fol-
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lowing form:

N(y. & =In(r?Adcp)) = constx expw(y. £)y — (1— y (. £))£]. (21)

The boundary of the saturation region is detared by the unique (@fcal) trajectory

for the non-linear evolution equation in thg, £) plane for which the phasephase=
w(y,£)/(1—y(y,%)) and the groupgroup= —dw (y,£)/dy (v, &) velocities are equal.

The physical meaning of this trajectory cha illustrated by an analogy in geometrical
optics: the boundary which it defines is similar to the focal reflecting surface (therefore,
one can see that the surface of the color glass shines!). The equality of phase and group
velocities thus gives the equation for the saturation scale:

dIN(Q3(x)/Adcp)  _ x(ver)

dIn(L/x) Z&Sl—ycr =A. (22)
For fixedas Eq. (22) leads to
A
02 = 05(2) @3)

with X given by Eq. (22). The numerical analysis of the valug o&n be found in Ref. [25].

The main conclusion from this analysis is the fact that the valueisfsensitive to higher
order correction inxg. Therefore, in this paper we choose to fix the value. dfom the
phenomenological approach, see Eq. (17); we consider Eq. (23) as a justification for the
use of such a parameterization.

Another observation on the equation for the saturation scale Eq. (22) is that the value
of y¢r is stable with respect to higher order corrections and almost does not depend on the
value of the QCD coupling (see Ref. [25]). This fact helps us to solve Eq. (22) in the case
of runningas. The running of the coupling constang leads to an additional dependence
on Q, inther.h.s. of Eq. (22); from Eq. (22) using the explicit form of the running coupling
constant we find

dIn(QZ(W)/AJcp)  4m x(ver) 1
din(W/Wo) B2 1= yer IN(Q2(W)/A3cp)
1)
= , 24
IN(Q2(W)/ A3 cp) e
as a result, the dependence@pn(W) has become explicit. Integrating Eq. (24) we obtain
02(W) = AéCDexp(\/Z(S IN(W/ Wo) + In2( Q2(Wo)/ A2 p) ) (25)

wherle(Wo) is the saturation scale at the enefgywhich we used as an initial condition
in integrating Eq. (24). Here as well as in the rest of the parr%(gD is defined byws =

47 /B2In(Q?/ A cp) and in numerical applications we toak,, = 0.04 Ge\? with g =
11— 2/3Ny whereNy = 3 is the number of fermions (number of colays = 3). We fix
the value ofs through the empirical value of as given by Eq. (23) and the value of
saturation scale for the Au nucleus at fixed energyof 130 GeV,y = 0, corresponding
to the cut of 0-6% of most central collision82, = 2 Ge\2, so thats = 1 In(QfO/AéCD).
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The formula Eq. (25) reproduces all general features expected for the case of running
QCD coupling; in particular, one can see that the saturation scale (25) does not depend
on the mass number of the nucleus in the limit of high energies [37,38]—the parton wave
functions of different nuclei in this limit become universal. It is easy to generalize Eq. (25)
to y # 0 by replacing dW/Wp) by In(W/Wp) + y; thus we have the following final
formula for the case of runningg:

0%y, W)

_AQCDexp(\/ZAIn Q%/ A cp) [IN(W/ Wo) + y] +1n (QZ(Wo)/AQCD))
(26)

3.2. Formulae for the multiplicities

To derive the final expressions for the multiplicity it is convenient to re-write Eq. (14)
using the fact that the main contribution to Eq. (14) is given by two regions of integration
overk,: k; < p; and|p; — k;| < p;; this leads to

dN E/dptz Ed_a :£471Ncas
a’y S d3p S NZ2-1

d 2 Pt
X/%(wm(m, ptz)/dk,zmz(xz,kf)
t

Pr
+ @, (x2, pf)/a’kfgoAl(xl,ktz)>

14JTNCOlS
s NZ —

d
/ P —1x2G p,(x2. p?)x1G 4, (x1. PF). (27)

where we integrated by parts and used Eq. (13). In the KLMN treatment [11-14] we as-
sumed a simplified form of G, namely,

Sp2(1—x)*, pr < Qs(x),
o | ason
xG(x; pf) = { - (Qz)SQZ(x)(l 04 pr> 05(x),

where the normalization coefficiemthas been determined from the RHIC data on gold—
gold collisions. We introduce the fact(t — x)* to describe the fact that the gluon density
is small atx — 1 as described by the quark counting rules [39,40].

We have checked that the simplified formkd. (28) is adequate for the calculations of
multiplicity since it is dominated by the low momenta region. At highand smallx, it
was shown [14] that the quantum effects of the anomalous dimension could be extremely
important. However, at moderate valuesxothe simple form of Eq. (28) was used to
calculate thep, spectra in proton—proton and elemt—proton collisions in Ref. [41] and
the results appear very encouraging.

(28)
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Having in mind Eq. (28), let us divide thg, integration in Eq. (14) in three different
regions:

(1) pr < Qs.min-
In this region both parton densities fdr and A, are in the saturation region. This
region of integration gives

dN 1 2 1
E & aSQs,min X aNpart(Al), (29)

where we have used the fact tfﬁa@f is proportional to the number of participants,
whereS is the area corresponding to a specificteality cut (we would like to remind
here thath, is proportional to the density of participants in the transverse plane).
(2) Qs.max> pr > Qs.min-
For these values gb, we have saturation regime for the nucletis for all positive
rapidities while the nucleud is in the normal DGLAP evolution region. Neglect-
ing anomalous dimension of the gluon density bel@wmax, we havepa, (x1, k,z) o
%SQs,mm/kt2 which for y > y. leads to

dN 1 2 1 2
y os s,min o s,min

This region of integration will give the largest contribution.
(3) pr > QOs.max
In this region the parton densities in both nuclei are in the DGLAP evolution region.

Substituting Eq. (28) into Eq. (27) we obtain the following formula [12]:

1
as(Q2,,(W,y))

(1 QominWoy) N[ LheWan)
w 2 (W
07 min(W. )
4
% (1_ Qs,max(W,)’)e)) :| (31)
w

One can see two qualitative properties of Eq. (31).¥6r0 and close to the fragmen-
tation region of the nucleud, Qs min = Q(A1) and the multiplicity is proportional to
Npart(A1), while in the fragmentation region of the nucleds(y < 0) Qs min = Q(A2)
anddN /dy « Nparf(A2). We thus recover some of the features of the phenomenological
‘wounded nucleon’ model [26].

dN 2
- = constx SO min(W, »)
v ,
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4. Predictions
4.1. Choice of the phenomenological parameters

As discussed above our main phenomenological parameter is the saturation momentum.
An estimate of the value of the saturation momentum can be found from the following
condition: the probability of interaction in the target (or “the packing factor” of the partonic
system) is equal to unity. The packing factor can be written in the following form:

_ 87%Neas(09) xG(x, 03

P.F. AT Al (32)

whereo is the cross section for dipole—target interaction (the size of the dipole is about
1/0) andp is the (two-dimensional) transverse density of partons inside the target of size
R (see, e.g., Refs. [11,12] for details).

In the case of the nucleon we do not know the valu® afr, in other words, we do not
know the area which is occupied by the gluog & 7 R?). However, we have enough
information to claim that this area is less than the area of the nuclRads Iess than the
electromagnetic radius of the proton). To substantiate this claim, let us recall, for example,
the constituent quark model in which the gluare distributed in the area determined by
the small (relative to the size of the nucleon) size of the constituent quark. Having all these
uncertainties in mind we use the phenomenological Golec-Biernat and Wuesthoff model
[30] to fix the value of the saturation moment in the case of the nucleon target. Namely,
the value of the saturation moment for proton is eq@a{P; y = 0, W = 200 Ge\j =
0.37 Ge\2. In Ref. [42] this value of the proton saturation momentum was used to describe
the deuteron—gold collisions at RHIC energies.

In the case of the nuclear target the saturation momentum can be found from the expres-
sion for the packing factor

Ppart S_N
2 Sa

Ppart S_N

_ N2
= 05N =5 %

P.F.:O’,OAZO',ON (33)
As we have discussed we do not know the last facigr/64) and therefore, Eq. (33) can-
not help us to determine the value of the saturation momentum for a nucleus. We fixed the
value of the saturation momentum from the description of the RHIC data on the multiplic-
ity in gold—gold collisions, nameI)QE(goId, y =0, W =130 Ge\j = 2.02 Ge\? for the
centrality cut 0—6% (see Refs. [11,12] for details).

As far as energy dependence of the saturation scale is concerned, we used Egs. (16) and
(26) with A given by the Golec-Biernat and Wuesthoff modek 0.252). However, we
have to admit that the perturbative QCD estimates described above would lead to a larger
value ofA: A =~ 0.37. Such an uncertainty in the valueofeads to an error of about 12—

15% in our prediction for the proton—nucleus and nucleus—nucleus collisions at the LHC
energies. For the proton—proton interaction it could generate an error as big as about 50%.
In our main formula given by Eqg. (31) we have to fix the normalization factor. As dis-

cussed in Ref. [12] theoretical estimates léad value of const in Eq. (31) which appears
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quite close to the value extracted by comparison with the RHIC data. In this paper we
use the same normalization factor const as in [12], namely, 6@, (W = 200 GeV,
y = 0) = 0.615Npar. We also need to note that the experimental measurement are done at
fixed pseudo-rapidity, not rapidityy; therefore, as discussed in Ref. [12] we have to use
the relation between andy, and to multiply Eq. (31) by the Jacobian of this transforma-
tion h(n, Qs); see [12] for details and explicit expressions.

Proton—proton collisions present an additl problem caused by the deficiency of
the geometrical interpretation gfp cross section. As mentioned above (see Eq. (14))
we calculated the ratio of the total inclusicross section to the geometrical area of
the interaction. This ratio is the measdrmultiplicity in the case of hadron—nucleus
and nucleus—nucleus collisions. In the caédadron—hadron interaction the multiplic-
ity is the ratio of the inclusive cross section divided by the inelastic cross section.
As discussed above, fgip interactions we do not know the relation between the in-
teraction area and the value of the inelastic cross section. To evaluate multiplicities
in proton—proton interactions we do the following: (i) fix the ratsg/ /oin at W =
200 GeV using the data faftN/dy (y = 0); and (ii) assumeSy /oin « 1/0i, as far as
the energy dependence is concerned. In other words we assume that tt$g, ateas
not depend on energy. The energy dependence of the inelastic cross section, includ-
ing energies outside of the region accessible experimentally at present, was taken from
Ref. [28].

4.2. Proton-proton collisions

4.2.1. Rapidity distribution

Fig. 2 shows the calculated pseudorapidity distributions for the proton—proton (antipro-
ton) collisions. The agreement with the expeental data is quite good despite the fact that
pp collisions present special difficulties for our approach since the value of the saturation
momentum is rather small and non-perturbative corrections could be essential. We would
like to point out however that the value of thaturation momentunof the proton reaches
~ 1 GeV at the LHC energy. Our experience with RHIC data suggests that at such value of
the saturation momentum our approachulc apply with a reasonable accuracy. We thus
expect that the very firghp data from the LHC can provide an important test of the CGC
ideas. In Fig. 3 we plot the value @fN/dn atn = 0 as a function of energy (in this plot
we included also the available data at loweergies). The agreement with the experiment
is seen to be quite good.

4.2.2. Total multiplicity

Integrating Eq. (31) over in the entire region ofy = (—In W)—(+In W) we can cal-
culate the total multiplicity in proton—protonrfiproton) collisionsIn Fig. 4 we present
our calculation together with the experimental data taken from Ref. [45]; a good agreement
with the data is seen in a wide range of enesgWe would like to remind however that our
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FdN,/dn

w

14000 GeV
1800 GeV
900 GeV
546 GeV
200 GeV

Fig. 2. Rapidity dependenc&N /dn of charged hadron multiplicities in pian—proton (antiproton) collisions as
a function of the pseudorapidity at different energies. The data are taken from Ref. [43].

JF@N AN, /dn
Nn=0, Centrality 0-6 %

10 =

dN, /dn, n=0, |
o lau ------:n . -W--;D R O m-

Fig. 3. Energy dependence of charged hadron multipligity/dn at n = 0 in proton—proton (antiproton)
collisions and of charged hadron multiplicities per participant g@fNpar) dN/dn at n = 0 for central
nucleus—nucleus collisions. The vertical dotted limeark the LHC energies for nucleus—nucleus collisions
(W = 5500 GeV) and for proton—proton collisiond¥(= 14000 GeV). The experimental data are from
Refs. [43,44].
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Fig. 4. Energy dependence of total multiplicity in proton—pro{antiproton) collisions. The vertical dotted line
marks the LHC energies for proton—proton collisiofig £ 14000 GeV). The experimental data are taken from
Ref. [45].

Lead - Lead Collision
dN_/dn W =5500 GeV

0-6%
0-25%

Fig. 5. Rapidity dependence d@iV /dn lead—lead collisions at the LHC energy at different centrality cuts. The
solid lines corresponds to the prediction using Eq. (16)Hergnergy dependence of the saturation scale while the
dotted lines show the predictions for Eq. (26) for runn@@D coupling. The shadowedea shows the prediction

for the minimal bias event.
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predictions for the LHC energies could be as much as 1.5 times larger due to uncertainties
in the energy behavior of the saturation scale discussed above.

4.3. Nucleus—nucleuscollisions

4.3.1. Rapidity distribution d N /dy

Our prediction for lead—lead collision at the LHC energy is plotted in Fig. 5. The two
sets of curves (solid and dotted) describe the cases of fixed and running QCD coupling,
respectively. We consider the two predictions as the natural bounds for our predictions, and
expect the data to be in between of these twoves. However, we would like to mention
again that our predictions have systematic errors of about 12—-15% due to uncertainties in
the energy dependence of the saturation scale.

4.3.2. Centrality dependence: (2/ Npart) (d Ncn/dn)

Fig. 6 shows our predictions for thé,art dependence of th€/ Npart) (d Nen/dn). This
observable provides the most sensitive test of the value of the saturation scale and its de-
pendence on the density of the participants.

. Centrality dependence for Pb-Pb Collision
' 2(dN/dn)y/N part n
W = 5500 GeV

10

e

Fig. 6. Npart dependence a2/ N¢h) d N /dn for lead—lead collisions at the LHC energy at different rapidity cuts.
The solid lines correspond to the prediction using Eg. {@6)he energy dependence of the saturation scale while
the dotted lines show the predictions for Eq. (26)rfmning QCD coupling. The shadowed areas show the spread
of our predictions.
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Fig. 3 shows the energy dependencéNcn)(d N /dn) atn = 0. One can see that we
are able to describe the current experimental data. Note that if we neglect the difference
between rapidity and pseudorapidit®/ Nch) (d N /dn) atn = 0 is given by a very simple
formula [13]:

2 dNch ( w )5‘ 2 )
=087( — ) In(Qi(A,W,y=0)/4
Npart dy y=0 WO (Q“( y )/ QCD)
0.252
- 0_87<H)) (3.93+0.252In(W/130). (34)

This formula is in good agreement with the existing experimental data.

4.4. Proton—nucleuscollisions

Fig. 7 shows our prediction for the proton—nucleus collisiongVat 5500 GeV. In
Section 2 we described the procedure of poitmg the number and density of participants
in this case; to evaluate the relevant value of the saturation momentum, we take account
of the energy dependence to extrapolate from RHIC to the LHC energy. For example,
the density of participantgpart ~ 1.84 fm~2 corresponds to the saturation scaleQﬁ%
2 Ge\2(5500/2009252~ 4.6 Ge\~.

_Proton - Lead Collision

of dN_/dn W =5500 GeV
; 0-20%

“r 20 - 50%
| 0-100%

50 - 100%

10

Fig. 7. Rapidity dependence @iV /dn proton—lead collisions at the LHC energydifferent centrality cuts. The
dotted line corresponds to the minimal bias event.
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5. Conclusions

In this paper we have provided a complete set of predictions for the multiplicity dis-
tributions at the LHC basing on the CGC approach. In our approach, parton saturation
results in a relatively weak, compared to most other approaches, dependence of the multi-
plicity on energy. As one can see from Fig. 8 we expect rather small number of produced
hadrons in comparison with the alternative approaches. What is the uncertainty in our pre-
dictions? We would like to recall the estineatfor the uncertainty in our calculations at
the LHC energies given above: 12-15% for nucleus—nucleus and hadron—nucleus colli-
sions, and a large value of 40-50% for the pretproton collisions. These uncertainties
arise from the poor theoretical knowledge of the energy dependence of the saturation
scale, and in the case ¢fp collisions also from the uncertainties in the application of
the geometrical picture. In the case of nudenucleus collisions, there is also a possi-
bility that the evolutim of the produced partonic system at the LHC energies will not be
entirely isentropic; a measurement of the multiplicitypid collisions will thus be neces-
sary.

We hope that our estimates will be useful for the interpretation of the first results from
LHC experiments. As illustrated in Fig. 8, a measurement of multiplicity at the LHC wiill
provide a very important test of the CGC approach.

H
i A HWING1.31

1021 i o DPMJET-II

' & SFM (no—fusion)

i % SFM (fusion)

Fig. 8. Comparison of our predictions for charged hadron multiplicities in ceritral 3 fm) Pb—Pb collisions
with the results from other approaches, as given in Ref. [46]
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